In the present work, the open source Computational Fluid Dynamics (CFD) package-Open Field Operation and Manipulation (OpenFoam®) is used to simulate wave-structure interactions and a new wave boundary condition is developed for extreme waves. The new wave boundary condition is implemented for simulation of interaction with a fixed/floating truncated cylinder and a simplified Floating Production Storage and Offloading platform (FPSO) and results are compared with physical experiment data obtained in the COAST laboratory at Plymouth University. Different approaches to mesh generation (i.e. block and split-hexahedra) are investigated and found to be suitable for cases considered here; grid and time convergence is also demonstrated. The validation work includes comparison with theoretical and experimental data. The cases performed demonstrate that OpenFoam® is capable of predicting these cases of wave-structure interaction with good accuracy (e.g. the value of maximum pressure on the FPSO is predicted within 2.4% of the experiment) and efficiency. The code is run in parallel using high performance computing and the simulations presented have shown that OpenFoam® is a suitable tool for coastal and offshore engineering applications, is able to simulate two-phase flow in 3D domains and to predict wave-structure interaction well.
Introduction
As is well known, coastal and offshore structures whether a sea wall, oil and gas platform, wave energy device or other fixed or floating structure, must be designed to survive in a very hostile environment, including heavy storms. For example, an extremely high or steep wave impact on the hull of a moored FPSO (Floating Production Storage and Offloading) platform may result in damage due to the impact or to water on the deck. Known as green water, this may cause severe damage to the deck house or other deckside equipment. Thus, there is a need for simulation tools to predict impact loading and to provide more information of non-linear wave-structure interaction.
The phenomenon of freak or rogue waves and their interaction with structures has been an active research area in recent years (see Walker et al. 2004 ). The first measurement of such a wave in location was the New Year wave, which was observed at the Draupner platform in the North Sea off the coast of Norway on 1st January (1995) (see Adcock and Taylor (2009) and Adcock et al., 2011) . The high order components of such nonlinear waves can excite offshore structures and cause high frequency responses. This was first encountered during the tow out of large platforms and so-called ringing of offshore structure columns was then demonstrated in laboratory experiments by Chaplin et al. (1997) . Gaps in understanding of extreme wave-structure interaction was further evidenced by unexpected damage to Schiehallion FPSO vessel in 1998 during the build-up to a modest storm. Much research has been carried out in this area to consider local forces on offshore structures, such as the SAFE-FLOW European project (duration: 2000-2003) to consider wave loads and the CresT joint industry project (duration: 2008-2011) to consider realistic extreme wave profiles. A recent research project considering extreme wave loading on offshore wave energy devices using CFD (see Westphalen et al. 2014) presented four different CFD approaches, including AMAZON-SC 3D code (see Hu et al., 2009 Hu et al., , 2010 , the Control Volume Finite Element (CV-FE) and the Finite Volume (FV) (see Westphalen et al. 2012 ) and the Smoothed Particle Hydrodynamics (SPH) (see Omidvar et al. 2013) methods. The project found that CFD modelling offers predictions of high accuracy and a high density of flow field data within a reasonable timescale to assist with design changes and improvements to coastal or offshore structures.
Wave loading on cylinders has been widely studied in coastal and offshore engineering because many offshore platforms and jetties are pile-supported. Morison et al. (1950) proposed a semi-empirical and semi-theoretical equation to calculate the wave force for small-scale problems (where the ratio of diameter to wave length D/L≤0.15, in which D is the cylinder diameter and L is the wave length). MacCamy and Fuchs (1954) proposed a linear diffraction theory for vertical surface-piercing cylinder, which was extended to nonlinear wave loads by the Faltinsen (1993) and Newman (1996) theory. Semi-analytical solutions have been proposed for particular geometries such as bottommounted vertical cylinders (Chau and Eatock Taylor, 1992 , Malenica and Molin 1995 , Newman 1996 . More recently, second-order theories (Kriebel, 1998 , Rahman and Heaps, 1983 and Taylor and Hung 1987 , which consider the nonlinearity and can give more accurate wave force predictions, were proposed. In addition, some numerical methods (Wu and Hu, 2004 , Ma et al. 2001a , 2001b ) based on the potential flow formulation have been developed for this problem. Furthermore, Zhang et al. (2009 Zhang et al. ( , 2012 simulated an oscillating water column device in waves by solving the Navier Stokes equations with the level set method for the free surface, and Boccotti et al. (2012) , Boo (2002 Boo ( , 2006 , Dixon et al. (1979) , Chaplin et al. (1997) and Kriebel (1998) have also investigated wave forces on structures.
In this paper, OpenFoam® (hereafter OF) has been adopted and modified to study highly nonlinear free surface waves and wave interaction with structures. A major advantage is that OF is an open source code, it is possible to gain control over the exact implementations of different features and to develop and implement new models and fit them into the overall code structure. At present, a number of applications based on OF have been published for the numerical simulation of the wave-structure interactions with various offshore structures and ranges of wave conditions. For example, Gerald et al. (2010) used the RasInterFoam, part of the OF library, for non-linear wave interaction with a cylinder; Chen et al. (2014) focused on the assessment of how OpenFOAM performs for wave interactions with a vertical surface cylinder, which compared with physical experiments under three regular waves and first-order focused wave groups; Higuera et al. (2014) used IHFOAM, a new implementation that can reduce drastically CPU time, for simulating a porous coastal structure under oblique incidence of irregular waves on a high mound breakwater; Jiang et al. (2015) investigated tsunami-like solitary waves propagating over a row of vertical -slotted-cylindrical piles; Li et al. (2012a Li et al. ( , 2012b simulated the interaction between wave and ship body in a tank sloshing and compared the numerical and experimental results of the agreement well with each other, including impact load on tank wall, wave forces acting on ship hull and the ship motion. It can be seen that OpenFOAM is very capable of accurate modelling of nonlinear wave interaction with offshore structures.
Regarding coastal engineering applications, and those cases in which extreme free surface motion is important, OF supports two phase flow simulation; for example, the OF solver InterFoam/ interDyMFoam with the waves2Foam library has been used in this study to investigate nonlinear extreme free surface flows. In this paper, our effort is added an extreme wave boundary condition with second order components for implementation in OF within the waves2Foam library in order to simulate both challenging wave climates and also average sea states. The extreme wave formulation prescribed as an inlet condition follows Dalzell (1999) and Hu et al. (2011 Hu et al. ( , 2014 , which is based on a focused wave group generated using the second order Stokes wave theory. Extreme wave boundary conditions are described by Ning et al. (2009) for their fully nonlinear potential flow simulation and compared with experiments in a wave flume. Ning et al. (2008 Ning et al. ( , 2009 ) studied the propagation of NewWave groups (see Tromans et.al. 1991) for 4 different wave heights up to the point where the waves almost break, and results from physical experiments and the numerical study are found to be in good agreement. NewWave simulations and comparison with the experiment data (see Ning et al. 2009 ) were also considered by Hu et al. (2009 Hu et al. ( and, 2011 using the Finite Volume Method (FVM) and by Westphalen et al. (2012) using the FVM and the CV-FE, for which good agreement was achieved. The numerical wave flume is based on the Madsen and Sørensen (1992) set of Boussinesq equations with focused wave groups and the non-linear shallow water equations. The numerical wave tank is based on the Boussinesq equations with second order focused wave groups and compared experiment for non-breaking waves, and the nonlinear shallow water equations for broken waves. Good agreement is achieved between the numerical predictions and laboratory measurements of free surface elevation, run-up distances and overtopping volumes for the test case with a plane beach and a seawall in a wave basin (see Orszaghova et al. 2014) . In the OF model used here, a Volume of Fluid (VOF) interface capturing approach is taken for the free surface. Its principal advantages are that it is very simple, allowing very complex free surface configurations to be represented easily and that it involves no mesh motion. The incompressible Navier-Stokes equations are solved using the FVM on unstructured meshes (block mesh or split hexahedra mesh). The laminar flow assumption is selected in this study because for the cases considered here, which do not include wave breaking, turbulence is unlikely to have a significant effect.
The method of parallel computing used by OF is known as domain decomposition, in which the geometry and associated domain are broken into sub-domains and allocated to separate processors for solution. The process of parallel computation involves: decomposition of mesh and domain, running the application in parallel and postprocessing the decomposed case as described in the user guide of the Open source CFD toolbox (http://www.openfoam.org). The parallel runs use the public domain openMPI implementation of the standard Message Passing Interface (MPI) to manage parallel distributed memory computers within acceptable CPUs. In this paper, first the case of a regular wave generated by a Numerical Wave Tank (NWT) has been investigated by using a code parallelisation implemented on a desktop and a cluster of high performance computing (hereafter HPC), which shows remarkable improvements in performance of the method. The parallel computing used is then applied to the remaining test cases.
The aims of this work are to validate the OF models using the new extreme wave boundary condition and to provide new data to improve understanding of the propagation pattern using extreme waves induced by a transient wave groups. This paper is organised as follows. In Section 2, the numerical method used is presented and the extreme wave condition and solution procedure are described in Section 3. Validations and analysis are carried out in Section 4, which include: a transient wave groups first and second order Stokes waves; a fixed horizontal cylinder and a fixed vertical cylinder under regular waves, an extreme wave generated using first and second order focused wave groups; a fixed/floating truncated cylinder and a simplified FPSO under second order focused wave groups. Conclusions are provided in Section 5.
Numerical method in OpenFoam

Governing equations
Consider two fluids (air and water) in a computational domain. The fluids are separated by an interface (free surface). Both air and water are assumed to be incompressible in the present study, thus the governing equations for the incompressible laminar fluid are as follows:
where U denotes the velocity vector, ρthe density, μthe dynamic viscosity, and g the acceleration due to gravity. An additional equation must also be solved to describe the movement of the phases. The indicator phase function α is defined as the quantity of water per unit of volume in each cell. This means that if α=1 the cell is full of water, if α=0 the cell is full of air, and in any other case it belongs to the air-water interface. It is straightforward to calculate any of the properties of the fluid at each cell, just by weighting them by the VOF function. For example, the fluid density and the dynamic viscosity of the cell are computed as follows:
water air water air
The starting point for the equation which tracks the fluid movement is an equation for advance the phase fraction field:
OF makes use of an artifical compression term α U ∇⋅ (1 − ) c (see Weller, 2002) , which added in the phase equation (4). U c is the artifical compressive velocity and equal to c
, where the factor c α usually takes value 1. Therefore, the governing differential equation for α from Rusche (2002) is:
The function α is calculated using this equation by means of a specially designed solver called MULES (Multidimensional Universal Limiter for Explicit Solution). It makes use of a limiter factor on the fluxes of the discretised divergence term to ensure a final value between 0 and 1.
InterFoam/InterDyMFoam solver and waves2Foam library
Versions V.2.2.0/2.3.0 of OF have been used in this work. The interFoam solver is prepared for static meshes only. The interDyMFoam solves the same as interFoam equations but it can handle dynamic meshes ('DyM' stand for Dynamic Mesh) for simulating floating body. InterFoam/InterDyMFoam is one of the solvers included in OF and it can solve the three-dimensional Navier-Stokes equations for two incompressible phases using a finite volume discretisation and the VOF method. In the VOF method, each phase is described by a fraction α i occupied by the volume of fluid of ith material in the cell. Its principal advantages are that it is very simple, allowing very complex free surface configurations to be represented easily, and that it involves no mesh motion.
The solver algorithm used by InterFoam/InterDyMFoam is called PIMPLE, and is a combination of PISO (Pressure Implicit with Splitting of Operators) and SIMPLE (Semi-Implicit Method for pressure-Linked Equations) algorithms. Its main structure is inherited from the original PISO, but it allows equation under-relaxation to ensure the convergence of all the equations at each time step. Both algorithms are thoroughly explained in applications with VOF by Jasak (1996) .
The library waves2Foam is a toolbox used to generate and absorb free surface water waves. The relaxation zone may be implemented to work simultaneously with wave generation at the wave inlet or to absorb waves only at the outlet. This feature is a key point for coastal engineering as it allows for a shorter computational domain to be used. The passive wave absorption method is used as it appears in Schäffer and Klopman (2000) and recently presented by Lara et al. (2011) and Jacobsen et al. (2012) . Relaxation zones at both inlet and outlet (see Fig. 1 ) have been used for the NWT in this paper. The present relaxation technique is an extension to that of Mayer et al. (1998) and the relaxation function
is applied inside the relaxation zone in the following way,
where ϕ is either Uor α. The variation of α R is the same as given by Fuhrman et al. (2006) . The definition of χ R is such that α R is always 1 at the interface between the non-relaxed part of the computational domain and the relaxation zone, as illustrated in Fig. 1 . A large number of wave theories are supported in Waves2Foam, including three regular wave generation types defined by Stokes first, second and fifth order, as well as cnoidal, stream function, Boussinesq solitary and irregular waves. Full details are provided in Higuera et al. (2013) and the OpenFoam website (http://openfoamwiki.net/index.php/Contrib/waves2Foam). In this work, the NewWave theory with second order components has been developed and implemented in OF to account for extreme waves and full details are given in next section.
Implementation of new boundary conditions
As is well known, the exact velocity profile for a true physically realisable nonlinear wave under given conditions is not known a priori. Thus, a viable approach is to input reasonable approximate wave conditions along the input boundary to simulate the real phenomenon. This leads to the notion of the extreme wave formulation as a focused wave group in which many wave components in a spectrum are focused simultaneously at a position in space in order to model the average shape of an extreme wave profile consistent with the random process in a specified wave energy spectrum (see Tromans et al. 1991) . The formulation here refers to the work by Dalzell ( 1999) and Hu et al. (2011 Hu et al. ( , 2014 in which a first or second-order Stokes focused wave can be imposed in such a manner.
NewWave formulation
A Cartesian coordinate system O xyz − is defined with the origin located at the undisturbed equilibrium free surface, with the zcoordinate vertical and positive upwards. The x-coordinate is zero at the wave-maker located at x m = 0.0 , x 0 is the focus point, t 0 is the focus time and the water depth h. A i is the input wave amplitude of the focused wave.
The corresponding wave elevation η, and horizontal and vertical velocities u and w are expressed as follows:
(9)
where η (1) ,u (1) and w (1) are the linear wave elevation and velocities,
and w (2) correspond to the second-order wave elevation and velocities, respectively. Both velocity and wave elevation can be decomposed into N components with different frequencies following Hu et al. (2011 Hu et al. ( , 2014 and are included in Appendix A for completeness. For the simulations presented here, the incoming wave entering the computational domain is fluxed through the inlet boundary. This flux is defined in terms of either first order theory, or first order theory plus second order theory. Z.Z. Hu et al. Ocean Engineering 126 (2016) 329-342 
Solving procedure
Implementation of the boundary condition is dependent on the user interface of the software package. OF uses its own script languages in C ++ to express mathematical equations and logical operations. As described earlier, the approach in OF is valid for regular waves and some irregular waves (i.e. bichromatic) with the waves2Foam library, however, the NewWave-based equations (see Appendix A) have to be expressed as a new boundary condition for extreme waves. The OF flow chart incorporating both solver and the new extreme boundary condition is shown in Fig. 2 . The OF solver starts with the preprocessor, which is needed to set up wave properties at the initial conditions. When no other wave data is available, the sea climate may be described by using a design spectrum. The JONSWAP and PiersonMoscovitz spectra are commonly used in offshore engineering. In this paper, input data included the wave amplitude of A f ( ) are calculated as individual parameters and together are input to the pre-processor. Subsequently, OF is called once, before the time step and updates are made during the time step loop. For the NewWave inlet boundary condition, the corresponding wave elevation η, horizontal u and vertical velocities w are calculated (see Eqs. (9), (10) and (11)) based on the solution at time t and the z coordinate at every time step. It is an incoming NewWave condition entering the NWT through a transparent inlet boundary. These boundary values are calculated as described before.
Numerical simulation and results
In the following simulations, the water is assigned density ρ=1000 kg/m 3 and kinematic viscosity ν=10 −5 Pa/s, while the air assigned density ρ=1 kg/m 3 and kinematic viscosity ν=1.48×10 −4 Pa/ s. A low Reynolds number is specified for all cases (e.g.
in the case of a vertical cylinder in regular waves). The following boundary conditions were applied. At the inlet, the velocities and surface elevation η are specified; the velocity is specified for the water component only and the velocity of the air at the inlet boundary is set to zero. The pressure is set to zero normal gradients at all boundaries and at the outlet zero gradients condition on velocity is applied. The top boundary and right far boundary are specified with a non-reflecting boundary condition allowing air to leave or enter the domain. The remaining boundaries and structure are set as rigid walls with no-slip boundary conditions. The force calculation is obtained by integration of the pressure and viscous force components around the body contour as follows: Versteeg and Malalaskera, 1995) .
Regular wave NWT
In the first test case, the 3D NWT is verified by simulating regular waves of amplitude a=0.1 m, regular wave number of k=1.28 m −1 , the steepness ka=0.128, the relative water depth of kh=3.57, the wave length of 4.9 m and wave period of 1.77 s. The NWT has outer dimensions 20 m×0.08 m×3.5 m and water depth ×. A relaxation zone of 5 m length is defined both at the inlet and outlet. A uniform mesh was applied in this case with 700,000 cells and mesh spacing of 0.02 m. Fig. 3 shows a comparison between the surface elevation time history predicted by the OF simulation and theoretical data. Fig. 4 shows the comparison of the surface elevation over one wave period. The maximum crest elevation predicted in the second order Stokes theory is 1.8% higher than the first order theory. It can be seen that the wave elevation predicted by OF and the theory agree well.
The OF simulations were run in parallel on a desktop PC and a HPC (High Performance Computing) cluster. The desktop PC is a Quad core 3.4 GHz with 16 Gb RAM with a maximum of 8 cores and the HPC cluster is a Quad core 2.56 GHz with 16 Gb RAM with a maximum number 372 cores. In this case, the total simulation time is 20 s. The time step of the numerical simulation is set to 0.001 s and the adjustable time step is set to limit the maximum Courant number to 0.25 for stability. Details of the CPU computational time for each of the simulations are summarised in Table 1 . It can be seen that the parallelisation of openMPI works well and increasing the number of cores for the parallel computation can save execution time.
A fixed horizontal cylinder in regular waves with Stokes' first order theory
The first wave-structure interaction case considered is the interaction between regular waves and a horizontal cylinder in a tank, where the cylinder is positioned such that the axis is at z=−0.075 m and the still water level at z=0.0 m. The purpose of the test case is again to provide validation, this time of the wave forces on the cylinder compared with the theory based on the modified Morison's equation (see Dixon et al. 1979 and Morison et al. 1950 ) and experimental results (see Dixon et al. 1979 ). According to the physical experiments by Dixon et al. (1979) the wave signal is accurate to first order. Therefore, a regular wave of Stokes first order is generated in the NWT to interact with the cylinder.
Test parameters, including the cylinder diameter D, wave number k, wave steepness ka, relative water depth kh, Keulegan-Carpenter number N kc , wave amplitude a and wave period T are shown in Table 2 . To compare the numerical result in OF with those obtained by Dixon et al. (1979) the vertical relative force F ′ on the cylinder is exported. Dimensionless parameters are defined as: relative force A non-uniform (split-hexahedra) mesh was used in the NWT. The regions close to the cylinder have been refined with spacings Δz = 0.01 m, 0.015 m and 0.02 m to check the accuracy of the NWT. The grid convergence index (GCI) was examined for the root mean square (RMS) of the relative vertical force over one wave period T. The value of GCI 32 (where 3 indicates a coarse mesh and 2 the corresponding intermediate mesh in Fig. 5) , is approximately 4.3% and GCI 21 (where 2 again indicates an intermediate mesh and 1 the corresponding fine mesh 1), is 2.6% (see Roache et al. 1986 ). This confirms that the calculations are mesh convergent.
The intermediate mesh, 2, with a spacing of Δz m = 0.015 (giving 521,300 cells) was selected for the cylinder as shown in Fig. 6 . The total vertical force F z on the cylinder is shown in Fig. 7 for the entire 13 s simulation. It shows that the force time history reaches a steady state after the third wave period. In Fig. 8 , the relative vertical force over one period is compared with the theoretical (see Dixon et al. 1979 ) and experimental data and shows that there is general agreement. In the experiment, the force was measured over one wave cycle once steady state was reached. The force measurements were accurate to within 1% of the largest force measured and the initial force on the cylinder in still water was subtracted before the force measurements were taken. The numerical result is taken from one wave period (see Fig. 7 ) once a steady state has been reached. In Fig. 8 where the axis of t/T ranges from 0.0 to 0.5, the numerical and experimental curves show an asymmetry not predicted by the theoretical equation. This can be explained by the following. Initially the waterline is at 0.25D below the axis of the cylinder. However, the theory is based on the cylinder being totally submerged and predictions are based on first order buoyancy effects only. When the cylinder becomes further immersed, the prediction shows better agreement with the theory as t/T varies from 0.5 to 1.0. Fig. 9 shows snapshots of the surface elevation over one period around the horizontal cylinder. These snapshots show the free surface deformations corresponding to the relative vertical force presented in Fig. 8 . The features of deformation at the free surface around the cylinder can be clearly seen, which generates a depressed wave region in front of the cylinder at t/T=0.12 and t/T=0.36, increased wave elevation in front of the cylinder at t/T=0.6 and the cylinder fully immersed in water at t/T=0.73. The waterline at t/T=1.0 after one period is the same as the initial waterline at t/T=0.0. The simulations were carried out using four cores running on a desktop with a CPU times of 17 h 27 min with a maximum Courant number of 0.25 and simulation time of 13 s.
A fixed vertical cylinder in regular waves with Stokes' second order theory
This case describes the numerical simulation of a fixed bottommounted cylinder in regular waves. The main purpose of this case is to provide a comparison between the OF prediction and theoretical models which are based on linear and second-order diffraction theory (see Kriebel, 1998) , as well as reported experimental work (see Kriebel, 1998) . To correspond with 2nd order diffraction theory, a regular wave of Stokes' second order is generated in the NWT to interact with the cylinder.
Test parameters including the cylinder diameter D, the wave number k, the scattering parameter kr (r is the cylinder radius), the steepness ka (a=0.0535 m is the wave amplitude), the KeuleganCarpenter number N kc , wave amplitude a and wave period T are shown in Table 3 . The NWT has outer dimensions of 12 m ×1.2 m × 0.9 m and a water depth equal to h m = 0.45 . The cylinder it positioned at one wavelength ( m 3.77 ) from the wave maker. The relaxation zone is defined to be 2 m in length, both at the inlet and outlet. Two simulations were run based on the block mesh with 1,487,040 cells and the split-hexahedra mesh with 966,692 cells, for each case, the mesh close to the cylinder is shown in Figs. 10 and 11. Results for the two different meshes are shown in Fig. 12 where the total horizontal force F x on the cylinder is plotted as a function of time. The agreement is very good showing that the solution is independent of the mesh type used. In Figs. 13 and 14 , the contribution to the force due to pressure and viscous forces on the cylinder are plotted separately. It is noticeable that the viscosity has little contribution to the total force in comparison with pressure force. This is expected because the case has a small Keulegan-Carpenter number (N kc =0.32), and so lies in the range of wavelength-to-characteristic body length ratio where diffraction effects dominate the loads and flow separation is not significant. Nevertheless it cannot be neglected as the viscous force is related to the vortex-flow around the cylinder and is of special interest in wave Table 2 Parameter set up: horizontal cylinder simulation. where H is the Fig. 6 . Split-hexahedra mesh around cylinder. Z.Z. Hu et al. Ocean Engineering 126 (2016) [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] [340] [341] [342] wave height on the cylinder over one period as shown in Fig. 15 . The significance of including second order terms in the theory is demonstrated in Fig. 15 . Comparison of maximum magnitude of normalized force in the negative direction (opposing the direction of wave motion) is shown in Fig. 15 , the experimental force exceeds the first order theory by 14% while the second order theory provides much better agreement and exceeds the experiment by 1.7%, as described by Kriebel (1998) . Fig. 15 also illustrates the OF prediction with second order Stokes wave boundary condition, the OF prediction agrees with the experiment at the maximum force is predicted within 0.5% and the mean force is predicted within 15%. In comparison with second-order theory, OF agrees well; the maximum force is predicted within 0.4% and the mean force is predicted within 0.5%. The nonlinearities are the result of dominance of the second order plane wave components and are common features of nonlinear inertial forces experienced at small kr < 0.4, as discussed by Kriebel (1998) . A small difference in the result is expected because the physical data is averaged over 10 wave periods, whereas the numerical result represents one wave cycle only once a steady state has been reached. Fig. 16 shows snapshots of the surface elevation over one period around the vertical cylinder. These snapshots demonstrate the free surface deformations corresponding to relative the normalized force presented in Fig. 15 . Features of the free surface flow around the cylinder include increased wave elevation at t/T=0.12 and t/T=0.36, a depressed wave region at t/T=0.6 and t/T=0.73 and after one period the initial profile at t/T=0.0 is recovered at t/T=1.0.
Execution time is about 7 h 33 min on the block mesh and 1 d 4 h 54 min on the split-hexahedra mesh, with four cores running on a desktop with a maximum Courant number of 0.25 for a simulation time of 12 s. It shows the CPUs consumption under the block mesh with regular hexahedra cells is less than split-hexahedra mesh, in which the face of some prism cells is not parallel to the surface of the cylinder. The split-hexahedra mesh needs more time to deal with additional terms to account for the non-orthogonality.
Extreme NWT
Fig. 17 provides a schematic of the physical ocean basin and the NWT set up in OF for this case. The physical experiments were carried out in the COAST laboratory at Plymouth University. The experimental set-up, measurement devices used and the paddle signal used to generate focused waves in the ocean basin were described by Mai et al. (2015) . The NewWave technique (see Tromans et al. 1991 ) was used to define the input to the physical model. The wave basin is 35 m×15.5 m×3 m and the water depth in the experiment was 2.93 m. Waves are generated by a flap-type wave maker with force controlled wave absorption and there is a parabolic beach to dissipate energy at the downstream end of the tank. The wave characteristics are shown in Table 4 . The number of wave components, N, used in the experiment is 244 and the corresponding wave amplitude with frequency is shown in Fig. 18 .
In the numerical simulation, the length of the NWT is defined as 5 times the characteristic wave length, i.e. 5λ p =16.55 m, in which the length of the relaxation zone at inlet and outlet are λ p and 2λ p respectively. The water depth in the NWT is h m = 2.93 , matching the physical experiment, and the initial height of air above the water surface is 0.5 m. The simulation is approximately 2D (x and y), although actually the tank is one cell wide with the z-direction for numerical purposes. The vertical distribution of grid cells is chosen to be relatively coarse near the sea bed, but then becomes finer towards the free surface, which is suitable in deep water. The region from y=−0.2 m to y=0.2 m, which contains the free surface, has a uniform mesh. In the horizontal direction, the cell size is uniform across the whole domain. The linear focus position and focus time are defined as λ 1.5 p and T 8 p as suggested by Ning et al. (2009) in their numerical simulation. In the simulation, the focus time and position are slightly different because of nonlinear wave-wave interactions in the flume. In order to compare with the physical experiment, the focus position and time are determined to be where there is a maximum crest and two symmetric deep troughs. At the start of the computation, a cosine ramp function is applied over a wave period to prevent the impulse-like behavior of the wavemaker and reduce the corresponding unnecessary transient waves.
To investigate the potential for reducing CPU time, numerical convergence was carried out on the number of wave components. Figs. 19 and 20 show the comparison of wave spectra and wave elevation at the focus location, which are obtained with the number of wave components N separately defined as 20, 25 and 30. From these results, it can be seen that the results obtained are completely identical for the latter two numbers, indicating that convergence was achieved Z.Z. Hu et al. Ocean Engineering 126 (2016) 329-342 using a component number N=25.
To check the accuracy of the numerical tank, mesh and time convergence tests have been carried out. Results were obtained using three different uniform meshes with spacings Δx m = 0.02 (mesh 1),Δx m = 0.04 (mesh 2) and Δx m = 0.06 (mesh 3) (see Fig. 21 ). The value of grid converge index of GCI 32 is 7.0% and GCI 21 is 2.5%. Z.Z. Hu et al. Ocean Engineering 126 (2016) 329-342 the value of grid convergence index of GCI 32 is 1.8% and GCI 21 is 0.9%. These confirm that the calculations are mesh convergent. An adjustable time step is set by defining a maximum Courant number of 0.5, 0.25 and 0.1 under a time-step of Δt T = 0.058 s ( = /25). It should be noted that there is no obvious reduction in execution time after increasing the number of cores beyond 32 for this case with a small total number of cells. The reason is due to the time taken in transferring data for every core which is a higher proportion of the execution time for smaller cases.
In order to assess the required length of the NWT domain, simulations with different domain lengths of 5λ p (=16.55 m), 7λ p (=23.17 m) and 10λ p (=33.10 m) have been carried out. Fig. 24 shows the comparison of wave elevation at the focus location, which the results obtained are completely identical for the three simulations. Therefore, the length of the domain with 5λ p is used in following numerical simulation. Fig. 25 illustrates the surface elevation time history at the focus location with first and second order wave generation in the numerical model and the comparison with experimental data. For this particular wave steepness, there is very little difference between the first and second order solutions and they overlay one another for much of the time history. At the crest, a small difference is evident and the second order wave boundary condition gives a slight improvement on the linear case, although both underpredict the maximum crest elevation measured in the experiment. The benefit of using the second order accurate boundary condition is more evident for steeper waves ). Both numerical results of the trough elevation after maximum crest are lower and do not exactly coincide with the result of the experimental data. However, the match between numerical and physical experiment is generally very good and the second order NewWave boundary condition will be implemented on the following simulations for extreme wave generation.
A fixed/floating truncated vertical cylinder in extreme waves
In this case, the physical experiments were carried out in the ocean basin within the COAST laboratory at Plymouth University. The wave characteristics, relaxation zone, the length and height of the domain are the same as in the extreme wave only case, though with the width of the domain set to 3 m in a 3D simulation. The model is a truncated cylinder, for which the radius is equal to 0.15 m and the height is 0.3 m. Its initial submergence in the water is equal to 0.15 m and the distance between the inlet and the front of the cylinder is 4.15m, equal to the focus location x = 4.15 r m. Figs. 26 and 27 show the splithaxahedra mesh around the cylinder in horizontal and vertical sections with a total 1,512,800 cells. It is noticeable that there are some twisted cells in Fig. 27 . This is an aberration caused by the ParaView visualization tool in producing a vertical section around cylinder in 3D, in reality the snappyHexMesh algorithm in OF is robust with a prespecified final mesh quality. The simulation was 3 day 16 h CPU running time using 32 cores of a HPC cluster with a maximum Courant number of 0.25 for a simulation time 18 s.
Figs. 28 and 29 show the total vertical and horizontal force around the cylinder. There is non-zero initial vertical force in Fig. 28 , which is the hydrostatic force only. The hydrostatic force is defined by F ρAdg = , which ρ is the water density, d is the depth below the water surface of the cylinder and A is the surface area of the underside of the cylinder, in which means the area of the bottom cylinder. Comparing the numerical and physical maximum crest elevations at the position of the front of the cylinder (see Fig. 30 ), the numerical prediction underestimates the experiment by 4.7% with a value of 0.118 m compared with 0.124 m measured in the experiment. It can be seen that this shows good agreement between the experimental data and numerical result. Fig. 31 presents the pressure measured at the front of the cylinder and 0.05 m below the initial free surface; it agrees well with the experiment. The maximum pressure in the experiment is 1.362 kPa, which the OF result underestimates by 2.4% with a value of 1.330 kPa. Fig. 30 shows the wave run up on the front of the cylinder, and Fig. 31 shows the pressure time history for the pressure transducer at the front centerline of the cylinder, positioned 0.05 m below the initial free surface. Emergence of the pressure transducer in the wave troughs can be seen from the wave elevation plot, and in the pressure time history, this corresponds with the gauge pressure falling to zero. In the numerical prediction, the pressure appears to rise above zero before the pressure transducer is the remerged. This may be due to the numerical errors. Fig. 32 shows the wave profile around the cylinder at t=10.48 s. It can be seen that the numerical simulation predicts the Z.Z. Hu et al. Ocean Engineering 126 (2016) 329-342 emergence of the pressure transducer as the wave troughs pass. The result includes the incoming NewWave and the diffracted wave created by the wave interaction with the cylinder. Next, a floating cylinder in heave has been investigated, in which the cylinder is allowed to move in the z -direction only and other degrees of freedom are restricted. The wave characteristics and the geometry of the domain are the same as for the fixed cylinder described above. The boundary condition for the surface of the floating cylinder is defined as a moving wall, in which the cylinder is free to respond to the fluid excitation and its motion is calculated as part of the solution. The mass of cylinder is set to m=11 kg, which matches the experiment. Fig. 33 shows the time history of z displacement for the cylinder predicted by the numerical model and measured in the experiment. It is noticeable that the numerical prediction has a larger amplitude of motion than measured in the experiment and this may be due to friction in the heave-only support system used in the experiment that is not included in the numerical simulation. Fig. 34 shows the pressure predicted by the numerical model and measured at the front of the cylinder at 0.05 m below the initial free surface. The numerical prediction is in reasonable agreement with the experiment in that the Z.Z. Hu et al. Ocean Engineering 126 (2016) 329-342 frequency and phase of the pressure oscillation are predicted well. Emergence of the pressure transducer in the wave troughs can be seen from the wave elevation plot, and in the pressure time history, this corresponds with the gauge pressure falling to zero.
A fixed simplified FPSO in extreme waves
The physical experiments were carried out in the COAST laboratory at Plymouth University. The experimental set-up, measurement devices used and the paddle signal used to generate focused waves in the ocean basin were described by Mai et al. (2015) . The wave characteristics, relaxation zone, the length and height of the domain are the same as in extreme wave only case and the width of domain is set to 4 m in a 3D simulation. The geometry of a simplified FPSO, which is formed by a rectangle and a semicircle at each end, is as follows: the radius of the semicircle is taken as r=0.15 m, the total length of the FPSO is taken as 1. Figs. 37 and 38 give total vertical and horizontal forces around the FPSO. In Fig. 37 , the hydrostatic force at initial time is calculated by F ρAdg = , in which A is surface area of the underside of the FPSO. Comparing the numerical and physical maximum crest elevation at the bow of the FPSO (see Fig. 39 ), the numerical prediction underestimates the experiment by 6.8% with a value of 0.123 m compared with 0.132 m measured in the experiment. It can be seen that this shows reasonable agreement between the experimental data and numerical result. Fig. 40 presents the pressure measured at the front of the FPSO and 0.05 m below the initial free surface; it agrees well with the experiment. The maximum pressure in the experiment is 1.292 kPa, which the OF result overestimates by 2.6% with a value of 1.326 kPa. Fig. 41 shows a wave profile around the FPSO at 10.48 s. The result includes the incoming NewWave and the diffracted wave created by the wave interaction with the FPSO.
Conclusions
The goal of this paper is to develop numerical simulation of extreme waves and wave-structure interaction using OF. A new wave boundary condition is presented, which is based on NewWave for representation of the extreme wave event together with first or second-order Stokes wave theories for the individual wave components. The new boundary condition has been integrated in waves2Foam within OF as the inlet boundary condition. In the case of extreme wave NWT, mesh and time convergence tests to check the accuracy of the numerical tank are presented, and the number of wave components needed to represent properly the extreme wave has been investigated. After that, the second order NewWave boundary condition is implemented on a fixed/floating cylinder and a FPSO in extreme waves. The results are compared with physical experiments, which include the surface elevation and the pressure at front of the structure, and are in good agreement. Z.Z. Hu et al. Ocean Engineering 126 (2016) 329-342 Regular wave interaction with a fixed horizontal and vertical cylinder have also been simulated in OF. The validation work includes comparison of the predicted wave force on a fixed cylinder with theoretical and experimental data and are in good agreement. In each case, the results allow details of the free surface deformation as the incident wave interacts with the cylinder. For the partially submerged horizontal cylinder, the free surface is seen to engulf the cylinder completely during the wave cycle. For the vertical cylinder, the maximum run up occurs as the wave crest passes the cylinder and the maximum horizontal wave force occurs at the same time. Two kinds of mesh generation (block and split-hexahedra) have been used, grid and time convergence are demonstrated and show that OF is capable simulating structure interaction well and efficiently when code parallelisation is used.
In general, the results confirm that the model in OF is well placed for extension to many coastal engineering applications to simulate a wide range of nonlinear wave conditions. Future work will include extension to wave interaction with floating and elastic structures under extreme wave conditions. 
